Interleukin-10 (IL-10) is widely known as an immunosuppressive cytokine by virtue of its ability to inhibit macrophage-dependent antigen presentation, T-cell proliferation, and Th1 cytokine secretion. However, several studies have challenged the perception of IL-10 solely as an immunosuppressive cytokine. As part of an investigation on potentiation of the cytotoxic activity of human papillomavirus E7-specific CD8 ؉ cytotoxic T lymphocytes (CTL) for adoptive transfusions to cervical cancer patients, we found that IL-10 in combination with IL-2, unlike several other combinations, including IL-2 with IL-12, gamma interferon (IFN-␥), tumor necrosis factor alpha, and transforming growth factor ␤, was able to consistently increase cytotoxicity. This augmentation in cytotoxic activity correlated with a significant increase in the cytoplasmic accumulation of perforin as detected by fluorescence-activated cell sorter. Surface expression of both the ␣ and ␤ chains of the CD8 heterodimeric coreceptor and CD56 molecules was increased by exposure of CTL to IL-10. More importantly, we found that administration of IL-10 in combination with IL-2 after antigen stimulation consistently increased the intracellular expression of Th1 cytokines (i.e., IFN-␥ and IL-2) compared to results for control CD8 ؉ T cells cultured in IL-2 alone. In kinetic studies, proliferation, intracellular perforin levels, cytotoxic activity, and IFN-␥ expression were consistently elevated in CTL cultures containing IL-10 compared to control cultures, both at early and late time points following stimulation. In contrast, intracellular IL-2 expression was consistently increased only at early time points following stimulation with autologous tumor cells or solidphase anti-CD3 antibody. Taken together, these data support the use of IL-10 in combination with IL-2 for the in vitro expansion and potentiation of tumor-specific CTL for clinical use in the therapy of cancer.
Interleukin-10 (IL-10) was originally described as a cytokine synthesis inhibitory factor by virtue of its ability to inhibit the production of several cytokines by Th1 clones (17) . Since its original description, it has been shown to be secreted by multiple cell types, including T cells, monocytes, and B cells, after activation and to be endowed with pleiotropic and powerful immunosuppressive activity (for a review see reference 35) . IL-10 has been reported to drastically reduce alloantigen-induced and antigen-specific T-cell proliferation, as well as cytotoxic T-cell responses (14, 15) . These effects have been mainly related to an indirect inhibitory effect of IL-10 on antigen-presenting cells (APC), acting by inhibiting the production of various cytokines, including IL-12, and down-regulating the expression of surface costimulatory molecules (14, 15) . However, a direct suppressive effect on T lymphocytes by IL-10 has also been demonstrated (16, 48) . Overall, these biologic activities have strengthened the view of IL-10 as a potent negative regulator of immunoproliferative and inflammatory responses.
In the last few years, several in vitro and in vivo studies have challenged the view of IL-10 as an immunosuppressive cytokine. Indeed, IL-10, like IL-4, was thought to be exclusively secreted by Th2 T cells, but recently it has been reported that IL-12 may induce a stable phenotype in T-cell clones that coexpress large amounts of IL-10 and gamma interferon (IFN-␥) (18) . Moreover, in a murine system, IL-10 has been shown to function as a cytotoxic T-cell differentiation factor, promoting a higher number of IL-2-activated cytotoxic T lymphocytes (CTL) to proliferate and differentiate into powerful cytotoxic effector cells (10) . Murine tumor models genetically engineered to secrete large amounts of IL-10 are rejected by a combination of CD8 ϩ T lymphocytes and NK cells (19, 55) . Also, in a mouse tumor model genetically engineered to secrete multiple cytokines, including IL-2, IL-4, IL-6, IL-7, tumor necrosis factor alpha (TNF-␣), granulocyte/macrophage colony-stimulating factor (GM-CSF), and IFN-␥, CTL activity and antibody responses induced by IL-10 stood out as the strongest (19) . Finally, systemic administration of IL-10 may exacerbate allograft rejection (37) while an anti-IL10 antibody prolongs allograft survival in normal as well as presensitized recipients (28) .
Recently, we have reported the successful generation by full-length E7-pulsed autologous dendritic cells (DC) of human papillomavirus (HPV)-specific, HLA class I-restricted CD8 ϩ CTL in patients with invasive cervical cancer (40) . These CTL recognize and kill autologous tumor cells from patients harboring HPV-infected adenocarcinomas and squamous cell carcinomas of the cervix and exhibit a striking dominance of type 1 intracellular cytokine expression by flow cytometric analysis (i.e., high IFN-␥, IL-2, and TNF-␣ expression and low IL-4 expression) (40, 41) .
In an investigation of optimal culture conditions for potentiation of the cytotoxic activity of HPV E7-specific CTL for adoptive transfusions to cervical cancer patients, we found that IL-10 in combination with IL-2 consistently increased the cytotoxic potential of the CTL populations studied. Other combinations, notably IL-2 with IL-12, IFN-␥, TNF-␣, or transforming growth factor ␤ TGF-␤, had no such effect. The ability of IL-10 to enhance proliferation, expression of immunologically important surface molecules, perforin content, cytotoxicity, and Th1 cytokine production by CD8
ϩ CTL suggests that its use in combination with IL-2 may be a valuable adjunct for the in vitro expansion and potentiation of tumor-specific CTL in the therapy of cancer.
MATERIALS AND METHODS
Tumor cells. The natural killer (NK)-sensitive target K562 (a human erythroleukemia cell line) was purchased from the American Type Culture Collection and was maintained at 37°C and 5% CO 2 in RPMI 1640 (Gibco Life Technologies, Grand Island, N.Y.) and 10% fetal bovine serum (Gemini Bioproducts, Calabasas, Calif.). Fresh autologous tumor cells used in this study and derived from an HPV type 16 (HPV16)-positive cervical cancer patient have been previously described (40) and were cultured in serum-free keratinocyte medium (Gibco) supplemented with 5 ng of epidermal growth factor and 35 to 50 g of bovine pituitary extract (Gibco)/ml at 37°C and 5% CO 2 . The Epstein-Barr virus (EBV)-transformed lymphoblastoid B-cell line (LCL) derived from the same cancer patient that provided the naturally HPV-infected primary tumor cell targets was established by coculture of peripheral blood mononuclear cells (PBMC) with EBV-containing supernatant from the B95.8 cell line in the presence of 1 g of cyclosporin A (Sandoz, Camberley, United Kingdom)/ml and was maintained in RPMI 1640 supplemented with 10% human AB serum (Gemini Bioproducts).
DC cultures and generation of HPV E7-specific T cells. The derivation of DC from the patients' PBMC and their subsequent use for generation of HPV E7-specific T cells were carried out essentially as described previously (40) (41) (42) . E7-specific CD8 ϩ T cells were derived from three cervical cancer patients, one with an HPV16 ϩ squamous cell carcinoma and two with HPV18 ϩ adenocarcinomas. Briefly, DC were generated from plastic-adherent PBMC by culture in AIM-V medium (Gibco) plus 800 U of GM-CSF (Immunex, Seattle, Wash.) and 1,000 U of IL-4 (R & D System, Minneapolis, Minn.)/ml. Cultures were fed by half changes of AIM-V plus GM-CSF and IL-4 every 2 days. After 6 to 7 days, DC were harvested and pulsed with 100 g of recombinant HPV16 or HPV18 (as appropriate) incorporated in 125 g of DOTAP cationic lipid (Boehringer Mannheim, Indianapolis, Ind.) in 2 to 5 ml of AIM-V for 3 h at 37°C with occasional agitation. The cells were then washed twice in phosphate-buffered saline (PBS) and resuspended in AIM-V. Fresh or cryopreserved responder PBMC were washed and resuspended in AIM-V at 10 7 to 2 ϫ 10 7 cells/well in six-well culture plates with E7-pulsed DC at PBMC/DC ratios of 20:1 to 30:1. Cultures were initially supplemented with 10 U of IL-2 and 500 U of GM-CSF/ ml. At day 21, CD8 ϩ T cells were separated from the bulk cultures by positive selection with CD8 Dynabeads (Dynal Inc., Lake Success, N.Y.) and expanded by restimulation with 0.2 g of anti-CD3 monoclonal antibodies (MAb)/ml and autologous or allogeneic irradiated (5,000 cGy) feeder PBMC (10 6 cells/ml). Demonstration of HLA class I restriction of tumor-specific CD8 ϩ T-cell responses was achieved in standard cytotoxicity assays (40) in the presence of blocking MAb specific for a nonpolymorphic HLA class I determinant (W6/32) or isotype-matched control MAb (hybridomas were obtained from the American Type Culture Collection). All blocking MAb were used at 50 g/ml. To evaluate the capacity of different human recombinant cytokines in combination with IL-2 to increase the cytotoxic activity of HPV-specific CTL, 10 6 CTL were cultured in AIM-V plus 5% human AB serum and 100 U of IL-2 (Aldesleukin, Chiron Therapeutics, Emeryville, Calif.)/ml (CM), in combination with IL-10 (range 1 to 20 ng/ml; specific activity, 2.9 ϫ 10 4 U/g), 50 U of human recombinant IL-12 (specific activity, 4.5 ϫ 10 6 U/mg), 500 U of IFN-␥/ml (specific activity, 2.5 ϫ 10 7 U/mg), 500 U of TNF-␣/ml (specific activity, 1.0 ϫ 10 7 U/mg), and 20 U of TGF-␤/ml (specific activity, 3.2 ϫ 10 4 U/g) for 72 to 96 h before being tested in a standard 51 Cr 6-h cytotoxicity assay against autologous tumor cells (CTL/ tumor cell ratio, 5:1). All cytokines other than IL-2 were from R & D Systems. In kinetic experiments, CD8 ϩ CTL (3 ϫ 10 6 cells/well) rested for 4 to 6, 8 to 10, and 14 to 16 days from the last antigen stimulation with autologous irradiated tumor cells (5,000 cGy; tumor cell/effector cell ratio, 1:10) were resuspended in AIM-V medium with 5% human AB serum and 100 U of IL-2/ml and plated in the presence of 5 ng of IL-10/ml for 72 to 96 h before being tested for cytotoxicity against autologous tumor cells, LCL, or K562.
Proliferation assay. CD8 ϩ CTL (3 ϫ 10 4 cells/well) rested 6 to 7 days from the last antigen stimulation with autologous irradiated tumor cells were resuspended in AIM-V medium with 5% human AB serum and 100 U of IL-2/ml and plated in the presence of different concentrations of IL-10 or in the absence of IL-10 in 96-well U-bottom plates in a total volume of 200 l per well. In some cultures only IL-10 at different concentrations was added. Plates were then incubated at 37°C for 96 h. Cultures were pulsed with 1 Ci of [ 3 H]thymidine/well for the last 16 h, and incorporated radioactivity was measured as described previously (40 ϩ T cells rested 6 to 7 days from the last antigen stimulation with autologous irradiated tumor cells (as described above) were cultured in CM in the presence or absence of 5 ng of IL-10/ml for 72 to 96 h and evaluated by flow cytometry for the expression of the following human leukocyte antigens: CD8 ␤ chain (MCA1722) (Serotec, Oxford, United Kingdom), CD8 ␣ chain, CD56, TcR␣/␤, CD2, CD3, and LFA-1 (all MAb were from Becton Dickinson, San Jose, Calif.). Control cells not exposed to IL-10 were always evaluated at the same time. For evaluation of intracellular perforin, cells rested for different times after antigen stimulation were harvested, washed, and fixed with 2% paraformaldehyde in PBS for 20 min at room temperature. Cells were then washed and permeabilized by incubation in PBS plus 1% bovine serum albumin (BSA) and 0.5% saponin (S-7900; Sigma, St. Louis, Mo.) for 10 min at room temperature. Experimental and control cells were stained with fluorescein isothiocyanate (FITC)-antiperforin MAb (Delta G9) (PharMingen, San Diego, Calif.) and isotype-matched control FITC-anti-immunoglobulin G2a (IgG2a; PharMingen). After the staining, cells were washed twice with PBS plus 1% BSA and 0.5% saponin and once with PBS plus 0.5% BSA and fixed a second time with 2% paraformaldehyde in PBS. All analyses were conducted with a FACScan utilizing Cell Quest software (Becton Dickinson).
Flow cytometric analysis of intracellular cytokines. overnight in the presence of 1 g of brefeldin A/ml. In some experiments, cells rested for 6 to 7 days after antigen stimulation were cultured in 5 ng of IL-10/ml for up to 2 weeks and then analyzed for intracellular cytokine content as described below. Briefly, 10 g of anti-CD3 MAb/ml diluted in PBS was incubated for 4 h at 37°C in 24-well plates. After the plates were washed three times, 10 6 CD8 ϩ T cells in 1 ml of CM containing 1 g of brefeldin A/ml were added. CTL were harvested after overnight incubation and washed and fixed with 2% paraformaldehyde in PBS for 20 min at room temperature, after which they were washed and stored overnight in PBS at 4°C. For intracellular staining, the cells were washed and permeabilized by incubation in PBS plus 1% BSA and 0.5% saponin for 10 min at room temperature. Activated and control cells were stained with FITC-anti-IFN-␥, FITC-anti-IL-2, and phycoerythrin (PE)-anti-IL-4 and isotype-matched controls (FITC-anti-IgG2a and PE-anti-IgG1; Becton-Dickinson). After being stained, cells were washed twice with PBS plus 1% BSA and 0.5% saponin and once with PBS plus 0.5% BSA and fixed a second time with 2% paraformaldehyde in PBS. Analysis was conducted with a FACScan, utilizing Cell Quest software (Becton Dickinson).
RESULTS

Derivation of HPV E7-specific CD8
؉ CTL lines. Three HPV E7-specific CD8 ϩ CTL lines were derived, one from a patient with HPV16-associated squamous cell carcinoma of the cervix and two from patients with HPV18-associated adenocarcinomas. The results given below illustrate the responses of CD8 ϩ CTL specific for HPV16 E7. These results are representative of all three CTL lines, which displayed essentially the same characteristics with respect to their responses to IL-10 treatment.
IL-10 increases IL-2-induced proliferation of cultured CD8
؉ CTL. To determine whether IL-10 has a direct stimulatory activity on the proliferation of HPV E7-specific CD8 ϩ T cells, pure populations of TcR␣/␤ ϩ and CD8␣/␤ ϩ T cells rested 6 to 7 days from the last antigen stimulation were cultured in 100 U of IL-2/ml alone, 1 to 20 ng of IL-10/ml alone, or 100 U of IL-2 plus 1 to 20 ng of IL-10/ml. IL-10 alone did not support a significant proliferation and survival of the CD8 ϩ CTL population, as shown by [ 3 H]thymidine uptake and vital dye exclusion (data not shown). In contrast, when we evaluated the proliferation of CD8 ϩ T cells in response to various concentrations of IL-10 in the presence of 100 U of IL-2/ml, we found that IL-2-induced proliferation was significantly potentiated by the addition of IL-10 at concentrations of 1 ng/ml, with maximal proliferation at 5 ng/ml. At higher concentrations of IL-10 (i.e., 10 and 20 ng/ml), there was no further increment in proliferation above the level seen with 5 ng/ml (Fig. 1A) . Having established 5 ng of IL-10/ml as an optimal dose for CTL proliferation in the presence of 100 U of IL-2/ml, we used this dose thereafter for kinetic analyses. To evaluate if IL-10-induced proliferation is dependent on a recent antigen stimulation, CTL rested for 4 to 6, 8 to 10, and 14 to 16 days from the last antigen stimulation were cultured with 5 ng of IL-10 plus 100 U of IL-2/ml or in 100 U of IL-2/ml alone for 72 to 96 h and evaluated by measuring [ 3 H]thymidine uptake for the last 16 h. As shown in Fig. 1B , we found a significant and consistent increase in thymidine uptake in cultures containing IL-10 in combination with IL-2 compared to control cultures at all time points tested. These data, therefore, indicate that CD8
ϩ CTL both at early and late stages after the last antigen stimulation can respond with increased proliferation when exposed to IL-10 in combination with IL-2.
Effect of IL-10 on the expression of surface molecules in cultured CD8
؉ CTL compared to IL-2 alone. Flow cytometric analysis was used to determine the effect of 5 ng of IL-10/ml in combination with 100 U of IL-2/ml versus IL-2 alone on the expression of TcR␣/␤, CD2, CD3, CD8 ␣ and ␤ chains, CD56, and LFA-1 by CD8 ϩ T cells 7 days after antigen stimulation. IL-10 did not significantly affect the surface expression of TcR␣/␤, CD3, CD2, and LFA-1 compared to that by the untreated counterparts (data not shown). In contrast, we found that the ␣ and ␤ chains of the CD8 heterodimeric molecules expressed by the CTL were consistently up-regulated by exposure to IL-10 ( Fig. 2 ). CD8␣ and -␤ up-regulation by IL-10 was slight but reproducible and statistically significant (P Ͻ 0.05; Student's t test).
HPV-specific CD8␣/␤ ϩ cytotoxic T cells cultured in vitro, as previously reported by us (40, 41) and others (23) , may show significant CD56 expression, and such expression is strongly correlated with a high cytotoxic activity (23, 40, 41) . Interestingly, when the expression of CD56 on T lymphocytes was analyzed by two-color immunofluorescence, we found that an increased percentage of CD8 ϩ T lymphocytes (range, 15 to 33%) up-regulate and/or neoexpress the CD56 surface antigen during culture in the presence of IL-10 ( Fig. 3) . These data, IL-10 increases the cytolytic activity of cultured CD8 ؉ CTL compared to IL-2 alone. In preliminary experiments to evaluate if the cytotoxic activity of HPV-specific CTL against autologous tumor targets could be increased by the combination of IL-2 with other cytokines previously reported to be able to act as cytotoxic differentiation factors (7, 9, 11, 31, 51), we evaluated the effects of IL-12, IFN-␥, TNF-␣, and TGF-␤ in combination with IL-2 on the cytotoxic activity of HPV-specific CTL and compared these effects to those induced by IL-10. We found that IL-10 at a dose of 5 ng/ml in combination with IL-2 stood out as the most effective cytokine in consistently increasing the cytotoxic potential of the HPV-specific CTL against autologous tumor cells in three repetitive experiments (Fig.  4A) . Indeed, only IL-12 in our culture conditions was able to significantly increase CTL cytotoxicity above the control background, although at a lower level than IL-10 ( Fig. 4A) . In titration studies, we found that the optimal cytotoxicity induced by effector CTL against autologous HPV-infected tumor cells was induced by IL-10 at a dose of 5 ng/ml (Fig. 4B) . This dose was congruent with the concentration required for the maximal enhancement of CD8 ϩ T-cell proliferation. To evaluate if the IL-10-induced increase in the cytotoxic activity of CTL is related to the time following antigen stimulation of effector cells, we performed kinetic studies. As shown in Fig.  4C , for all times poststimulation tested (i.e., CTL rested for 4 to 6, 8 to 10, and 14 to 16 days from last antigen stimulation) increased cytotoxic activity against autologous tumor cells was consistently detected compared to that for control CTL cultures, but there were no significant differences between the three time points tested.
IL-10-induced cytotoxic activity in cultured CD8
؉ CTL is HLA class I restricted. The combination of IL-10 and IL-2 has been previously reported to have an additive effect on the cytotoxic activity of NK cells (6) . To evaluate if the increased cytotoxic activity induced by IL-10 remained specific for HPVinfected autologous tumor cells or was also increased against other targets, CTL rested for 6 to 7 days after the last antigen stimulation were exposed to 5 ng of IL-10/ml in combination with IL-2 for 72 h and tested for their cytotoxic activity against autologous tumor cells in the presence or absence of blocking MAb against HLA class I molecules (W6/32), as well as against autologous EBV-transformed LCL and the NK-sensitive target K562. As can be seen in Fig. 5 , while cytotoxic activity was consistently increased in the presence of IL-10 compared to that of control cultures, the percent reduction of autologous tumor killing by the anti-class I MAb remained at levels similar to that induced in control cultures (mean inhibition was 68% for IL-2 alone versus 64% for IL-2 plus IL-10). Importantly, killing of the autologous LCL and the NK-sensitive target remained negligible. These results suggest that IL-10 does not induce lymphokine-activated killer or NK activity in E7-specific HLA class I-restricted CD8 ϩ T cells.
IL-10 increases intracellular accumulation of perforin in cultured CD8
؉ CTL. Flow cytometric analysis was used to evaluate if the increased cytotoxic activity induced by IL-10 against HPV-infected autologous tumor cells correlated with an increase in intracellular perforin levels. CTL at an early or late stage after activation (i.e., 6 to 7 days or 14 to 16 days from 
FIG. 4. (A) Effect of different cytokines in combination with IL-2 on the cytotoxic activity of E7-specific CTL. CD8
ϩ T cells at 6 to 7 days from the last antigen stimulation with autologous tumor cells were cultured in CM (open bar; control) or in CM with different cytokines (solid bars), as described in Materials and Methods for 72 to 96 h before being tested in cytotoxicity assays against autologous tumor cells. Percent lysis (Ϯ standard deviation) at a 5:1 effector/ target cell ratio is shown. The increase in cytotoxic activity, compared to that for control CTL cultured in IL-2 alone, was significant at P values Ͻ0.01 in the presence of IL-10 plus IL-2 and at P values Ͻ0.05 in the presence of IL-12 plus IL-2 by Student's t test. (B) Effect of various concentrations of IL-10 in combination with IL-2 on the cytotoxic activity of E7-specific CTL against autologous tumor targets. CD8 ϩ T cells were cultured in CM (open bar; control) or in CM with the addition of various doses of IL-10 (solid bars) for 72 to 96 h before being tested in cytotoxicity assays against autologous tumor cells. Percent lysis (Ϯ standard deviation) at a 5:1 effector/target cell ratio is shown. The increase in cytotoxic activity, compared to that for control CTL cultured in IL-2 alone, was significant at P values Ͻ0.01 in the presence of 5 to 20 ng of IL-10/ml (C) Effect of 5 ng of IL-10/ml on the cytotoxic activity of E7-specific CD8 ϩ T cells at 4 to 6, 8 to 10, and 14 to 16 days after antigen stimulation with autologous tumor cells. Pure populations of CD8 ϩ T cells were cultured in CM (open bars) or in CM supplemented with 5 ng of IL-10/ml (solid bars) for 72 to 96 h before being tested in cytotoxicity assays against autologous tumor cells. Percent lysis (Ϯ standard deviation) at a 5:1 effector/target cell ratio is shown. Increased cytotoxic activity by CTL cultured in the presence of IL-10 plus IL-2, compared to that for control CTL cultured in IL-2 alone, was significant at P values Ͻ0.01 at all time points tested. the last antigen stimulation, respectively) were exposed to 5 ng of IL-10/ml in combination with IL-2 for 72 to 96 h and tested for intracellular perforin content. As shown in Fig. 6 , CTL cultured in IL-2 alone demonstrated significant intracellular perforin levels when cultured in CM. However, when CTL were cultured in the presence of IL-10, a striking increase in perforin levels was consistently detected in CTL at both early and late stages after antigen stimulation.
IL-10 increases intracellular production of Th1 cytokines in cultured CD8
؉ CTL. Flow cytometric analysis of intracellular IFN-␥, IL-2, and IL-4 expression by HPV-specific CTL cultured in IL-2 alone and restimulated every 7 to 10 days with irradiated autologous tumor cells indicated a type 1 cytokine phenotype, with negligible IL-4 expression (40, 41) ( Fig. 7 and  8) . Because of the previously reported powerfully inhibitory effect of IL-10 on cytokine synthesis in Th1 CD4 ϩ T-cell clones (15, 17, 35) as well as the crucial importance of Th1 cytokine secretion by CTL for effective adoptive cancer immunotherapy (2, 49), we evaluated in kinetic studies the effects of IL-10 on the intracellular expression of IFN-␥ and IL-2 by CTL. In addition, to evaluate if IL-10 exposure may induce a Th2 cytokine switch in these strongly Th1-polarized T cells, IL-4 expression was also analyzed. CTL rested for 2 to 4, 8 to 10, and 14 to 16 days from the last antigen stimulation were cultured with 5 ng of IL-10 plus 100 U of IL-2/ml or in 100 U of IL-2/ml alone (control cultures) for 72 to 96 h before being restimulated overnight with solid-phase anti-CD3 in the presence of brefeldin A. As shown in Fig. 7 , at all time points tested we found a consistent increase in intracellular IFN-␥ cytokine expression in CTL cultures treated with IL-10 in combination with IL-2 compared to that in control cultures treated with IL-2 alone. No induction of IL-4 expression was detected when CTL were exposed to IL-10 for 72-96 h at different stages of activation (Fig. 7) as well as when CTL were maintained continuously for up to 2 weeks in the presence of IL-10 (data not shown). In contrast, when IL-2 cytokine expression by CTL was evaluated, we found that augmentation of IL-2 cytokine expression by CTL was strictly dependent on a recent antigen stimulation (within 2 to 4 days) (Fig. 8) . Indeed, when IL-2 expression was evaluated at later time points (i.e., 8 to 16 days), unmodified or reduced levels of IL-2 were noted. Taken together, these data demonstrate that exposure to IL-10 in association with IL-2 may increase the expression of IFN-␥ and IL-2 by CD8 ϩ T cells but that augmentation of IL-2 expression, unlike that of IFN-␥, is dependent on recent antigen stimulation. Finally, IL-10 treatments did not induce a switch in cytokine expression (i.e., from Th1 to Th2) in these strongly Th1-committed CTL.
DISCUSSION
Patients and animals harboring advanced tumor burdens have been shown to progressively develop impaired immune responses against autologous tumor cells that precede the development of a more generalized state of immunosuppression (3, 24, 34, 44, 46) . In several of these studies, diminished T-cell function has been correlated with specific alterations in the T-cell signal transduction pathways (24, 27, 34, 50) . Several mechanisms have been suggested to account for tumor-induced subversion of the immune system including soluble tumor-derived inhibitory factors (26, 43, 53) , tolerogenic presentation of antigens by tumor cells (8) , and activation of inhibitory regulatory elements of the immune system (1, 12) . Importantly, however, poor immune responses by recently explanted T lymphocytes could be normalized upon in vitro culture in recombinant IL-2 (33, 50) or by T-cell stimulation with anti-CD3 and anti-CD28 (38) . Adoptive transfusions of tumorspecific in vitro-activated T cells, which avoid the potential problems associated with inducing a CTL response in vivo, might therefore be a more effective approach for control of tumor growth in patients harboring advanced-stage cancer.
Recently, we have reported the successful in vitro generation by full-length E7-pulsed autologous DC of HPV-specific cytotoxic CD8 ϩ T cells able to kill naturally HPV-infected autologous tumor cells in three consecutive patients harboring invasive cervical cancer (40) . These HLA class I-restricted CTL populations demonstrated a striking dominance of type 1 intracellular cytokine expression (i.e., high IFN-␥, IL-2, and TNF-␣ expression and low IL-4 expression) (40) and the ability to persistently accumulate around metastatic disease in vivo (41) . However, one of the most critical components of successful adoptive immunotherapy of cancer remains the identification, isolation, and in vitro expansion of large numbers of lymphocytes that are endowed with and retain potent and specific antitumor activity. In our search for improved culture conditions able to induce high cytotoxic activity in HPV-specific CTL, we found that IL-10 (in combination with IL-2) was the only cytokine able to consistently increase the cytotoxic potential of the CTL populations studied. In this regard, several other cytokines previously reported to act as cytotoxic T-cell differentiation factors for CD8 ϩ T cells when used in combination with IL-2, including IL-12 (31, 51), IFN-␥ (9), TNF-␣ (11), and TGF-␤ (7), were significantly less effective or not effective at all in our system. Indeed, only IL-12 in our culture conditions was able to increase tumor-specific CD8 ϩ T-cell cytotoxicity above control levels, although to a significantly lesser extent than IL-10. On the basis of these findings, we have extensively characterized the functional consequences of IL-10 exposure in combination with IL-2 on HPV-specific CTL.
IL-10 has been regarded as a powerful regulatory cytokine endowed with immunosuppressive activity because of its capacity to (i) inhibit allogeneic and major histocompatibility complex (MHC)-specific proliferative and CTL responses (17, 35) , (ii) suppress IL-2 and IFN-␥ production by activated CD4 T cells (17, 35, 48) , (iii) down-regulate the expression of MHC class II antigens and costimulatory molecules on APC (14, 35) , and (iv) inhibit the synthesis of inflammatory cytokines, such as TNF-␣, IL-1␤, and IL-12 by activated macrophages (15) . However, although a variety of in vivo studies have supported an immunosuppressive role for IL-10, others have challenged this view. Indeed, tumor cells genetically manipulated to secrete IL-10 have been shown to be rapidly rejected by CD8 ϩ and NK effector cells in murine models (19, 42, 55) . Furthermore, systemic administration of cellular IL-10 induces an effective, specific, and long-lived immune response against established tumors in mice (4) . Administration of IL-10 has been associated with accelerated rejection of cardiac allografts as well as increased generation of donor-specific CTL and cytotoxic alloantibody responses (37) . Production of IL-10 by islet cells accelerates the onset and increases the prevalence of diabetes in mice (54) . Finally, systemic IL-10 administration has been associated with graft versus host disease and decreased survival in mouse recipients of bone marrow allografts (5), while anti-IL-10 antibodies prolonged allograft survival in normal as well as presensitized recipients (28) .
While the indirect suppressive effects of IL-10 on T-cell activity (mediated by macrophages and DC) have been demonstrated by several investigators (13, 14, 17, 35) , analysis of the direct in vitro effects of IL-10 on pure populations of human T lymphocytes has produced controversial results (16, 21, 22, 29, 48) . In this regard, CD4
ϩ and CD8 ϩ T cells seem to significantly differ in their susceptibilities to IL-10. Indeed, IL-10 has been shown to be a specific chemotactic factor for CD8 ϩ T cells but not CD4 ϩ T cells (25) . In addition, IL-10 inhibits the ability of CD4 ϩ T cells, but not CD8 ϩ T cells, to migrate in response to the T-cell chemotactic cytokine IL-8 (25) . While several reports found IL-10 able to directly inhibit CD4 ϩ T-cell functions, including proliferation and Th1 cytokine secretion (14, 16, 17, 21, 35) , both inhibitory and stimulatory effects of IL-10 on human CD8 ϩ T cells have recently been described (22) .
In this study, we found that human IL-10 can directly augment IL-2-induced HPV-specific CD8 ϩ T-cell proliferation and cytotoxic function. Our results support and extend the finding that a virally encoded homolog of IL-10 could enhance EBV-specific human CD8
ϩ CTL responses (45) . These data are also in agreement with previous reports highlighting the function of IL-10 as a powerful growth and cytotoxic differentiation factor for mouse CD8 ϩ T cells (10, 29) . In addition, we found that IL-10 induced a significant increase in intracellular perforin levels in HPV-specific CTL. These results strongly suggest that the increased cytotoxic activity shown by CTL exposed to IL-10 may be perforin mediated, although it must be noted that we have not examined the effect of IL-10 on FasL expression. Because differential effects of IL-10 on CD8 ϩ T cells, depending on their state of activation, have recently been described (22) , we evaluated the effects of IL-10 on CTL at different time points following antigen stimulation. We found that CD8
ϩ T cells cultured in the presence of IL-10 consistently exhibited increased proliferation and cytotoxic function, not only when recently restimulated with tumor cells but also when relatively distant in time from the last antigen stimulation. We found that CD8 ϩ T cells cultured in the presence of IL-10 consistently exhibited increased proliferation and cytotoxic function, not only when recently restimulated with tumor cells but also when relatively distant in time from the last antigen stimulation (i.e., 14 days). These data, therefore, suggest that IL-10 may act as a CTL growth and cytotoxic differentiation factor at both early and late stages after antigen stimulation for human CD8 ϩ T cells, as well as mouse CD8 ϩ T cells (10, 29) . No significant changes in the expression of TcR␣/␤, CD3, CD2, and LFA-1 were observed in CTL exposed to IL-10 compared to control cells cultured in IL-2 alone. However, we consistently detected an increase in the percentage of CD56 ϩ CD8 T cells in the presence of IL-10. In this regard, in agreement with the findings of others (23), we have previously reported the concomitant expression of CD56 molecules on strongly activated and HLA class I-restricted CD8␣/␤ ϩ CTL (40, 41) . Although the function of CD56 expression is not presently known, in these previous studies (40, 41) we consistently found higher cytotoxic activity against cervical cancer cells when CD8 ϩ T cells coexpressed CD56 compared to that by CD8 ϩ CD56 Ϫ CTL. These observations, together with the finding that increased expression of CD56 may also be induced by IL-10 exposure, support the hypothesis that CD56 expressed by HLA class I-restricted CD8 ϩ CTL may be an activation antigen associated with cytotoxic function rather than a lineage-specific marker (23, 36, 40, 41) .
Significant up-regulatory effects of IL-10 exposure on CD8 molecule expression have previously been reported in fetal as well as adult mouse thymocytes (29) . CD8 ϩ heterodimeric (i.e., CD8␣/␤) molecules expressed by thymus-derived CD8 T cells are known to be physically associated with the TcR␣/␤ heterodimer, and down-regulation or inhibition of its function by anti-CD8 antibodies may inhibit specific target cell lysis (32) . It is thus tempting to speculate that increased expression of the CD8 coreceptor on CTL due to IL-10 exposure might also contribute to the increased cytotoxic activity of CTL by augmenting their affinity for target cells. Paradoxically, this effect on CTL, although not formally tested in this study, might counteract the opposing effect on tumor cells, which can be rendered insensitive to CTL lysis by IL-10-induced down-regulation of HLA class I expression (a consequence of reduced expression and function of the transporter associated with antigen processing) (26, 30, 39) .
Cytokine synthesis by Th1-committed and strongly cytotoxic CD8 ϩ T cells may be a crucial quality for effective cancer immunotherapy. Indeed, the importance of this issue for the immunotherapeutic treatment of cancer by adoptive immunotherapy has been highlighted by studies showing that regressions in established murine tumor models correlated more with type 1 cytokine secretion by tumor-specific CD8 T cells than with the in vitro cytotoxic activity of the reinfused CTL (2, 20, 49) . While IL-10 was originally described as a cytokine synthesis-inhibiting factor by virtue of its ability to down-regulate type 1 cytokine secretion in Th1 T cells (14, 17, 35) , the evidence presented by Fiorentino et al. (17) suggested that IL-10 acts indirectly, via APC, to inhibit cytokine synthesis. Recently, however, it has been shown that IL-10, in the absence of APC, can directly suppress proliferation and IL-2 and TNF-␣ secretion by CD4 ϩ T cells (16, 21, 48) . However, to our knowledge, this study is the first to describe a direct effect of IL-10 on cytokine synthesis by CD8 ϩ T cells. We found that IL-10 combined with IL-2 consistently augmented intracellular type 1 cytokine expression by CD8 ϩ CTL, compared to that by control cultures. Interestingly, although CTL exposure to IL-10 soon after antigen stimulation (i.e., between 2 to 4 days from stimulation) was able to increase the expression of both intracellular IL-2 and IFN-␥, delayed exposure to IL-10, late after the last antigen stimulation (i.e., between 8 and 14 days), was only able to increase the expression of IFN-␥, not that of IL-2. Indeed, IL-2 levels were either unmodified or significantly reduced at these late time points compared to those for control cells. Furthermore, prolonged exposure to IL-10 (i.e., up to 2 weeks) resulted in increased IFN-␥ expression compared to that for matched control cells but had a negative effect on IL-2 (not shown), suggesting, in the long run, a down-regulatory effect of IL-10 on IL-2 secretion. These data extend previous observations by Groux et al. (22) showing that differential effects of IL-10 on CD8 ϩ T cells may crucially depend on their state of activation. Moreover, while the reasons for differential cytokine responses by CD8 ϩ T cells are not clear, these data clearly suggest that IFN-␥ production by CTL directly exposed to IL-10, as previously shown for CD4 ϩ T cells (15) , can be regulated independently from production of IL-2. Collectively, our results demonstrate that exposure to IL-10 in association with IL-2 significantly increases the expression of IFN-␥ and IL-2, but this effect on IL-2 is dependent on a recent antigen stimulation. Finally, we found that prolonged, continuous exposure to IL-10 did not induce a type 1-to-type 2 switch in these antigen-specific and strongly polarized CD8 ϩ T cells. In summary, these data show that the direct effects of IL-10 on CD8
ϩ CTL differ from the reported inhibitory effects on CD4 ϩ T cells (16, 21) . As optimal T-cell immunotherapy would likely also incorporate CD4 ϩ T cells, which are important for the maintenance of CD8 ϩ T cells in vivo (52), we would thus favor independent generation of E7-specific CD4 ϩ and CD8
ϩ T cells, with IL-10 being used as a supplement only for the CD8 ϩ T-cell cultures. A further question centers on the durability of the IL-10-induced functional enhancement following IL-10 withdrawal (for example, after infusion into a patient). We find that enhanced cytotoxic activity is maintained for at least 5 to 6 days following withdrawal or washout of IL-10 from in vitro culture (data not shown). However, additional experimentation will be needed to establish the longterm effects of IL-10, which are an important consideration for immunotherapeutic purposes.
The presence of well-defined tumor antigens (i.e., HPV E6 and E7) that are constantly expressed by cervical tumor cells and that serve as CTL target antigens and the readily available supply of recombinant E6 and E7 oncoproteins from the highrisk HPV genotypes render E6-and E7-pulsed DC stimulation of T cells for adoptive immunotherapy of advanced cervical cancer patients a feasible strategy. Taken together, the findings presented in this paper support the use of IL-10 in combination with IL-2 as a promising cytokine combination for the in vitro expansion and potentiation of tumor-specific CTL for clinical use in the therapy of cancer.
